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Supplementary Figures 
Supplementary Figure 1. Calculated Gaussian temperature distribution vs a radial distance 
from the maximum is presented to estimate the radius of each phase in the burn mark. Selected 
area diffraction investigation determines the phase distribution vs diameter within the region of 
interest. 
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Supplementary Figure 2. Snapshots of the transformation at representative time delays. 
Single-pulse diffraction images that have an exposure time of 10 ns at different time delays are 
shown to elucidate the enhancement of scattering with time.   
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Supplementary Figure 3. Real-time evolution of the crystalline phase obtained by using 
single-pulse imaging. Transient-frame diffraction profiles are displayed for each representative 
delay time. The contribution (box, left) of amorphous diffraction taken before heating (𝑡 = −∞) 
was subtracted. Diffraction grows in amplitude for all frames with time, while the diffraction at 
seconds (box, right; chosen for 2000 ns) is the same for all time delays. 
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Supplementary Figure 4. Analytical fitting of separate time windows a): up to the first 
plateau, b): first-to-second plateau) gives each value for α, β, γ  (rate constants), and η (degree of 
crystallization), together with n (Avrami exponent) and constant (C). Experimental data are fitted 
with 𝐹 𝑡 = 𝜂 1 − !!!!"!!!!!"!!!  for a and 𝐹 𝑡 = 𝐶 −   (𝐶 − 𝜂) exp  (−  (𝛾𝑡)!)     for b,
respectively. 
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Supplementary Notes 
Supplementary Note 1. Analytical modeling: rate equations and Laplace transform method 
in a closed form 
Each fraction for four distinct states (|1> to |4>) is given as 𝑓!, together with three rate 
constants (𝛼, 𝛽, and  𝛾) to represent the evolution kinetics of each state. The heat dissipation 
rates for each transformation can be described using the following coupled rate equations for each 
fraction (𝑓!) as !!" 𝑓! =   −𝛼𝑓!,    (Supplementary Equation 1) !!" 𝑓! = 𝛼𝑓! −   𝛽𝑓!,  (Supplementary Equation 2) !!" 𝑓! = 𝛽𝑓! −   𝛾𝑓!,  (Supplementary Equation 3) !!" 𝑓! =   𝛾𝑓!,          (Supplementary Equation 4) 
with the initial condition for population at time zero, 𝑓! 0 = 1, 𝑓! 0 = 𝑓! 0 = 𝑓! 0 = 0. 
Taking η  to express crystallinity with values between 0 and 1, one can relate the overall fraction 
of transformation F(t) = 𝜂𝑓! 𝑡 + 𝑓! 𝑡  by solving the above coupled rate equations. The three 
rate constants (𝛼,𝛽, and  𝛾) and the crystallinity (η) can be obtained using the following formula 
obtained by the Laplace transform method:  
𝐹 𝑡 = ! !"!! !!!"(!!!)(!!!) + ! !"!! !!!"(!!!)(!!!) + !" !!! !!!"(!!!)(!!!)    + 1,  (Supplementary Equation 5)
which represents the time dependence of the overall crystallization ordering parameter. The above 
equation (Supplementary Equation 5) can be simplified to give,  
        𝐹 𝑡 ≈ 𝜂 𝑒!!" − !"!!"!!!!!"!!! + 1 − 𝑒!!" ,      (Supplementary Equation 6)
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when 𝛾 is much smaller than 𝛼 and 𝛽. During the initial stage when 𝑡 ≪ 1 𝛾, this equation is 
further simplified to  
 𝐹 𝑡 ≈ 𝜂 1 − !"!!"!!!!!"!!! ,           (Supplementary Equation 7) 
which covers up to the first plateau, having partial crystallization order (𝜂). At a later time with 𝑡 ≫ 1 𝛼 and 1 𝛽, equation (Supplementary Equation 6) can be approximated as 
   𝐹 𝑡 ≈ 1 − 1 − 𝜂   𝑒!!".            (Supplementary Equation 8) 
For a heterogeneous system with a distribution of the growth rate 𝛾, one can modify equation 
(Supplementary Equation 8) by a stretched exponential as 
     𝐹 𝑡 ≈ 1 − 1 − 𝜂   𝑒𝑥𝑝 − 𝛾𝑡 ! ,     (Supplementary Equation 9) 
and likewise, equation (Supplementary Equation 6) can be generalized to 
  𝐹 𝑡 ≈ 1 − 𝜂 !"!!"!!!!!"!!! − 1 − 𝜂   𝑒𝑥𝑝 − 𝛾𝑡 ! .    (Supplementary Equation 10) 
Using equations (Supplementary Equation 7-8), the crystallization ordering parameters at 
separate time windows were fit successfully as shown in Supplementary Fig. 4. For the rise 
covering the first-to-second plateau, the fit was performed using stretched exponential function 
that arises naturally in many physical processes including crystal growth as well as dielectric 
relaxation in heterogeneous systems.1 On the other hand, for the rise of the first plateau we could 
fit the experimental data with the bi-exponential kinetics of α and β. Once a full crystal is formed 
any heat dissipation below the melting point is not able to change the ordering parameter, and 
further cooling is related to the length of the second plateau and is not relevant to the 
experiments.  
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Supplementary Note 2. Temperature of the liquid, solid, and the substrate  
To quantify the experimental observation of laser-induced melting and recrystallization, it is 
necessary to estimate the temperature changes in the TiO2 thin film sample as well as the 
substrate. The light at 355 nm is partially reflected by the surface of amorphous TiO2; 27 % of the 
light is reflected.2-4 Because the measured absorption coefficient for amorphous TiO2 at 355 nm is 
αT ~ 3.5 × 104 cm-1,5 the laser penetration depth is found to be ~286 nm, which exceeds the 
thickness of the layer (88 nm), and thus in what follows we shall consider both the nano-film and 
the substrate. 
For a light pulse of peak fluence F0 and 𝑅! = (!!!!!!!!)! with the refractive index nT, in a 
layer of thickness LT, the heat absorption for the amorphous TiO2, ΔHT, is given by 
 
          ∆𝐻! = 1 − 𝑅! 𝐹! !!!"# !!!!!!!   =    𝑇!"!! − 298 𝐶!,!!"#$%.   (Supplementary Equation 11) 
 
Subscripts (T, S) indicate TiO2 and SiO, respectively. Here, 𝐶!,!!"#$% is the heat capacity of 2.9  ×  10!   J m! ∙ K  for solid TiO2,6	   LT is the thickness of 88 ± 5.0 nm for the deposited TiO2. 𝑇!"#!is found to have 2125 ± 121 K.  
Because the penetration depth is larger than the thickness of TiO2 and SiO (23 ± 2.5 nm), 
both contribute to the temperature increase. We use the approach described in Ref. 7 to calculate 
the temperature.7	  The heat absorption (ΔHS) on the substrate up to the time (𝜏!) is given by 
 
                         ∆𝐻! = 1 − 𝑅! 𝐹!𝑒𝑥𝑝 −𝛼!𝐿! !!!"# !!!!!!! × 𝑓 𝑡 𝑑𝑡!!!!  
                  = 1 − 𝑅! 𝐹!𝑒𝑥𝑝 −𝛼!𝐿! !!!"# !!!!!!! × !  !!"#( !!!!)! .     (Supplementary Equation 12) 
 
The first portion of the heat absorbed is for the temperature rise in the thin layer of the solid phase 
from room temperature of 298 K to the phase transition temperature Tc of 2550 K between 
crystalline and liquid of SiO.8 Here, RS is (!!!!!!!!!!)! considering the bilayer of TiO2 and SiO 
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(refractive index nS). The latent heat for the subsequent phase transition to the liquid phase is 
made equal to ∆𝐻! by the following expression: 
 1 − 𝑅! 𝐹!𝑒𝑥𝑝 −𝛼!𝐿! !!!"# !!!!!!! × !  !!"#( !!!!)! =   Δ𝐻!,!   + (𝑇!   − 298)𝐶!,!!"#$%, 
(Supplementary Equation 13) 
 
where αS is the absorption coefficient (9.05  ×  10!cm!! at 355 nm),9 Δ𝐻!,! is the latent heat of 2.40  ×  10!   J m!,8 𝐶!,!!"#$% is the heat capacity of 1.44  ×  10!   J m! ∙ K for solid SiO.10 LS is the 
thickness of 23 ± 2.5 nm and nS is the refractive index of 2.14 for SiO. For the remaining portion 
of the Gaussian pulse, from time τS and afterward, the heat (ΔHS,liquid) absorbed by the liquid 
phase of SiO is given by 
 
                        ∆𝐻!,!"#$"% = 1 − 𝑅! 𝐹!𝑒𝑥𝑝 −𝛼!𝐿! !!!"# !!!!!!! ×    𝑓 𝑡 𝑑𝑡!!!    
                  = 1 − 𝑅! 𝐹!𝑒𝑥𝑝 −𝛼!𝐿! !!!"# !!!!!!! × !  !!"#( !!!!)! =    𝑇!"#   − 𝑇! 𝐶!,!!"#$"%,     
(Supplementary Equation 14) 
 
where the refractive index and absorption coefficient are used the same as those of solid SiO, 𝐶!,!!"#$"% is the heat capacity of 2.77  ×  10!   J m!  for liquid SiO.10,11 After the value of τs is 
calculated from equation (Supplementary Equation 13), the only unknown parameter   is that of 
the final temperature reached in the layer caused by laser heating in equation (Supplementary 
Equation 14) is given 𝑇!"# = 5546 ± 616 K. The final temperature at equilibrium (𝑇!) from two 
temperatures is found to be 2862 ± 255 K using following equation: 
 
               𝑇!"# − 𝑇! ×𝐶!,!!"#$"% = 𝐶!,!!!"#$ 𝑇! − 𝑇!"#! + Δ𝐻!,! + (𝑇! − 𝑇!)𝐶!,!!"#$"%,      
(Supplementary Equation 15) 
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where 𝐶!,!!"#$"%  is 5.3  ×  10!   J m! ∙ K   for liquid TiO2 and the latent heat Δ𝐻!,!  is 3.54  ×  10!   J m! of TiO211	    𝑇! is the melting point of TiO2 (2130 K).12  
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